Bulk metamaterials claim a lot of attention worldwide. We report about our activity and advances in design, fabrication and characterization of metal-dielectric composites with three-dimensional lattices. The nomenclature of designs exhibiting negative index behaviour in the near infrared includes the generic family of so-called nested structures. Such designs allow keeping the cubic symmetry of the unit cell along with the electric and magnetic responses showed by different parts in separate. For extraction of effective parameters we employ homemade wave propagation retrieving method free from ambiguity generic to the standard S-parameters retrieval method. Accurateness of the method is highlighted by a set of numerical checks. To fabricate smooth metal three-dimensional structures we develop an electroless chemical technique. We present the results of silver deposition on the surface of a 30-layers-thick polymer woodpile photonic crystal. Characterization of such samples before and after metal deposition in the 700 nm -1700 nm range exposes some unpredictable features like an enhanced broadband transmission, which still waits to be explained.
INTRODUCTION
Bulk isotropic negative index materials (NIMs) [1] are a path toward the implementation of, among others, superresolution lens [2] and nanocouplers [3] . In the last years, several 3D isotropic designs have been proposed but they work mostly in the microwave regime. In this work we present our approach toward modelling, fabrication and characterisation of three-dimensional (3D) NIMs in the IR/visible regimes.
This work is divided into three parts, each taking care of one aspect of NIMs development. In the first part we discuss our modelling advances toward developing a 3D design as well as a newly proposed technique for unambiguously retrieving the effective parameters.
In the second part, we show our advances toward the fabrication of such materials. To be more specific, a 3D isotropic metal deposition technique is implemented and developed within our group. We hope it will serve for fast and effective metal deposition with 3D structures. As an example of its potential, this liquid-based deposition technique was used for metalizing woodpile structures thus showing its capabilities in covering even complex structures with thin metallic layers.
In the third part, we discuss the implementation of a reflection-transmission spectrometer that allows measuring metamaterials samples. As a proof-of-principle, we measured a fish-net structure fabricated using electron beam lithography and lift-off procedure.
Future steps in developing all these branches of the NIM research field will be presented together with conclusions.
MODELLING
The first part of this section deals with our proposal for a new design, the so-called nested design that presents bulk properties even from the first functional layer. In the second half we present a newly developed technique for establishing the effective parameters of bulk metamaterial structures. Such approach gives no space to the ambiguity that the most used retrieving procedure [4] suffers a lot, while still being simple enough for an easy implementation. 
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Apart from a better understanding of the effects that govern the behaviour of such materials, our aim in the NIM design is to find new unit-cell structures that could advance the NIM research field in the near IR range. We decided to develop the concept of so-called nested structures, where the parts deciding for the magnetic and electric properties are spatially separated. Such approach proved to be successful and designs exhibiting bulk negative refraction index were found [5] .
In figure 1A we present the latest design from such approach. This so-called Split-Cube-in-Carcass (SCiC) shows promising results in terms of bulk properties (see convergence of the effective refractive index with the number of layers, figure 1B ) and it also respects the cubic symmetry relations that qualify it for a possible isotropic MTM.
Also, from a modelling perspective we developed another approach in calculating the effective parameters of the designed structures. This Wave Propagation Retrieval method (WPRM) is based on the observation of fields propagating inside the bulk (20 -50 unit cells) metamaterials. The main idea behind its implementation is that, considering the effective medium approach valid, the averaged field distribution can lead to the material's effective parameter values. After averaging the principle field component in all metamaterials unit cell we extract the phase and amplitudes changes along the relevant distance inside the material [6] . We successfully applied it to various designs taken from literature thus showing its versatility and easiness to be implemented.
FABRICATION
From the fabrication point of view, we developed a solution-based (electroless) method for silver deposition. Silver was chosen due to preferences in material parameters, in particularly, high plasma frequency and low collision frequency. There are different recipes for making the electroless deposition of silver, each having its own pros and cons. To our knowledge, the best result in silver depositing for metallization of photonic structures has been shown so far by Chen et al. [7] . The recipe presented in their work shows selectivity between the substrate and the polymer structures but, in the same time, the grain sizes were big leading to increased roughness and layer thickness. As a result it was reported that layers were about 200 -300 nm thick. The recipe is a nice example of the possibilities such technique presents, but it needs more refinement in order to reach the smoothness and thickness control required for the optical metamaterial structures.
Aiming for the potential applications of devices in the optical range, we decided to obtain thin and smooth metallic layers by optimizing the recipe known as Tollen's test or the silver mirror reaction [8] . Optimization steps in the above mentioned technique were made within the first rounds of tests on simple planar samples. Eventually we obtained uniform silver layers with thicknesses down to 30 nm ( Fig. 2A) . The layer thickness is directly dependent on the immersion time. Using the presented recipe, thicknesses of up to 200 nm were achieved (not shown) simply by increasing the immersion time. Silver layers thinner than 30 nm are not completely formed, thus exhibiting random clusters formation. We think that this effect is due to the mechanism of the silver seeds growth in the solution. It can be inhibited making possible to deposit thinner silver layers. In figure 2B we present a top-view showing high uniformity in the layer formation. The substrate is uniformly covered, but a few silver nanoparticles can be observed on top of its surface. These Ag nanocrystals are formed in the solution and then they are deposited in the ready form on sample's surface. Still, such nanocrystals formation is minimal and does not restrain the overall deposition process. In the inset of zoom-in of the deposited layer where the polycrystalline growth of the silver is noticeable. Our samples were up to 1 cm × 1 cm in size, and no pronounced difference in layer properties was seen over such extended surface. Once optimized, we found the following concentrations and quantities to be used. The first solution is obtained by mixing 2.5 ml 0.2 mol AgNO 3 with 0.114 ml 25% NH 3 . At the beginning Ag 2 O is formed in the phase of a brown precipitate. Ammonia hydroxide is added continuously to carry on the reaction until the silver ammonia complex is obtained and the solution becomes transparent. The solution is then diluted in MilliQ water in order to obtain 5 ml of reagent. The second solution is an 8% formaldehyde solution. The deposition procedure involves immersing the surface treated sample in 30 ml MilliQ water and then adding 250 µl of diluted formaldehyde and the silver ammonia complex solutions. The solution becomes dark and the reaction takes place. Fast reaction time at the room temperature makes it difficult to control the deposition rate, therefore the solutions are cooled down to 5°C. The thickness varies with the immersion time, having an approximate growth rate of 30 nm×min -1 at this temperature. After the layer has been formed, the samples are thoroughly rinsed in running water for 5 minutes. Following the process optimization on a flat surface we deposited a silver layer on a 3D pattern. As a sample for thorough checking of deposition on complex 3D structures we chose 2PP polymer woodpile structures [9] . This way we were able to check both the Ag deposition on structure's sidewalls as well as in the bulk volume inside it. The woodpiles are 50 × 50 µm and have a height of about 16 µm corresponding to 8 periods (32 single layers) of the lattice. Sizes of the bars are 500 nm × 500 nm. Such woodpiles possess a face centered tetragonal lattice. We immersed them into bath and removed after 5 minutes. The results of silver deposition are presented in Fig. 3A . The Ag layer is deposited not only on the top of the structure but also on its sidewalls. We evaluate the silver layer thickness to be circa 50 nm. There is still particles formation in the solution followed by their adhesion to the deposited layer, but it can be further minimized. A zoom-in of the 3D covered structure (Fig. 3B) shows the presence of silver layer inside the bulk structure as well. The layer quality when depositing on a 3D structure is different from the one on a plane silica surface. We believe that this dissimilarity is mainly due to the modified surface chemistry of the silica-like polymer used in the 2PP fabrication of the 3D samples.
The obtained results are easily reproduced on various samples of different dimensions as long as the deposition conditions are the same.
CHARACTERISATION
Transmission and reflection coefficients play a fundamental role in metamaterials' characterization since these parameters can allow us to state if a negative refractive index has been obtained. In order to obtain such data, the first steps toward a fully functional measuring setup were taken.
The set-up we built (Fig. 4) to measure transmission and reflection amplitude coefficients is, in principle, simple. Still it is extremely sensitive to sample's alignment and positions. The source (1) we used to perform all the experiments is a 100 mW SuperK Koheras pulsed supercontinuum white light source with a repetition rate of 24 kHz. A complete analysis of the source shows a broadband (ranging from 400 nm to 2400 nm) stable within 0.2d B characteristics.
( A ) (B)
In the transmission configuration, the beam transmitted through a photonic crystal fiber (2) is collimated using a 5-degrees of freedom fiber holder (3) and a parabolic mirror (4) . Its characteristics are further controlled using the polarizer (5) and pinhole (6) before reaching the sample (7) . The transmitted beam is reflected by a plane mirror (8) , it passes through another pinhole (9) and is focused by the last parabolic mirror (10) to a multimodal PCF (12). The signal is then analyzed using an Ando Optical Spectrum Analyzer (13) which ranges from 350 nm to 1700 nm.
Figure 4. Schematics of the experimental setup for measuring transmission and reflection coefficients.
In the reflection configuration, the reflected beam (red line in figure 5 ) passes through a pinhole for alignment purposes (14) and then, using the (15) and (16) plane mirrors, realigned to the last parabolic mirror (10).
Apart from the free-space optics setup, we can employ a fiber-based transmission measurement setup. The setup is similar to the transmission configuration of the presented one, only that the pinholes are no longer necessary and the free-space path was replaced by an optical fiber one. This setup was used for characterizing metal-covered woodpile polymer structures, both before and after the metal deposition. Thus, when the polymer woodpiles were not metal covered, we could see the expected Bragg diffraction dips at 1100 nm and 1400 nm (Fig. 5A) . After the metal deposition, measuring through the woodpile positioned us in the noise level thus not being able to assess the expected broadening and deepening of the Bragg dips. However, at the border of the sample we discovered a very interesting and still to be explained phenomena of high transmission over an extended bandwidth between 900 nm and 1200 nm (Fig. 5B) . 
FUTURE DEVELOPMENTS
We believe that the metamaterials field is a very challenging from all aspects. It stimulates us to expand our theoretical insight as well as improve the fabrication and characterization facilities. From the theoretical and modeling point of view, we plan to expand the WPRM method toward anisotropic media or media with non-local response as soon as required observable features of the wave can be detected numerically.
From the fabrication point of view, further optimization of the depositing technique such that to obtain even smoother surfaces as well as a complete characterization of the deposited layers, using AFM technique will follow.
The characterization challenges can be divided into two main parts. The first regards the possibilities of measuring small samples. To date we can measure reflection only for relatively big samples (minimum 4 mm) but, in general, there can be a need for even smaller sample sizes. A second part consists in implementing a phase-measuring setup thus to be able to fully characterize experimentally the desired structures.
